Control valves have been widely used in thermal and nuclear power plants to regulate the flow entering the turbine. The safety and stable operation of the turbine is threatened by the control valves' vibration and noise, which are directly related to the flow pattern. Many turbulence models have been used to show the mechanism in previous research, but few studies compared their abilities. In this study, four turbulence models, realizable k-ε, SST, DES based on SST and DES based on realizable k-ε, are selected to predict the flow pattern. A novel simulating method with a continuously changing pressure ratio is employed in the numerical simulation. Using a numerical method, the turbulence models are tested by two challenges in aerodynamic flow:(I)growth and separation of the boundary layer and (II)boundary layer reattachment. Compared to the traditional method with a constant pressure ratio, the new method offers more clear and credible results. The results are successfully verified by the sound mutation in the experiment. It is found that the DES based on the realizable k-ε model is the most powerful turbulence model for the two processes of boundary layer separation and reattachment.
Introduction
In thermal and nuclear power plants, control valves are located between the main steam pipe and the turbine to control the flow into the turbine. High-efficiency, safety, stability and low noise are the primary requirements for control valves in modern power plants. However, as the steam turbines become larger and larger, a number of problems have been reported regarding unacceptable noise and vibration coming from the valves. The flow pattern is directly related to the noise and vibration problems. CFD plays an important role in determining the mechanism, and many turbulence models have been used in past research.
In a 2-D numerical simulation, Zhang (Zhang and Engeda 2003) proposed that control valve vibration is caused by an asymmetric flow pattern; Terachi (Terachi, et al. 2004) found two stable and three unstable flow patterns in control valves; Yonezawa focused on the scale effect on the characteristics of the flow patterns. In a 3-D numerical simulation, Tecza (Tecza, et al. 2010) found an improved valve （center hole was eliminated and straight-through pressure balance holes were proposed to improve the stability of flow） by transient computational fluid dynamics analysis with the SST model. Also based on the SST model, Clari (Clari, et al. 2011 ) adopted the critical-point theory and found that the core flow is unstable and easily leads to vibration. Vaughan (Vaughan, et al. 1992) showed that the simulated results of the k-ε model qualitatively agrees with the visualised flow patterns. However, errors occurred in the predictions of jet separation and reattachment due to quantitative inaccuracies. Using the k-ε model, Liu (Liu, et al. 2008) found that the air flow force on the valve disc depends on the vortex strength of the flow around the valve stem bush and valve disc, the asymmetric transonic impinging jet under the valve disc and the diffusing action. Hajšman (Hajšman, et al. 2012) compared the flow characteristics obtained by experiments with numerical simulation based on the realizable k-ε model. Then he took account of the seat angle on the flow characteristic. The newly suggested 60° version in the flow part of the valve can increase the flow through the valve while keeping the same flow area. Yonezawa (Yonezawa, et al. 2012 , Yonezawa, et al. 2010 ) used the DES-SA model to classify valve vibrations as forced vibrations or self-excited vibrations. Morita ( Morita, et al. 2005 , Morita, et al. 2007 ) further analysed the flow field at a medium valve opening with the MATIS-C model, which is constructed as LES code. He proved that a rotating high-pressure fluctuation at the valve head is the primary cause of vibration in the air and steam control valve. In addition, valve conditions were classified into different regions according to the pressure distribution, frequency and amplitude of the pressure oscillations in those studies (Araki, et al. 1981 , Terachi, et al. 2004 , Yonezawa, et al. 2010 , Zhang, et al. 2004 ).
As discussed above, control valves have undergone 2-D and 3-D simulation by using various turbulence models, such as SST, k-ε, realizable k-ε, DES-SA and LES models. Those analyses (Chow and Reethof 1980 , Heymann and Staiano 1973 , Morita, et al. 2005 , Morita, et al. 2007 showed that vibration and noise introduced by the flow are highly dependent on the numerical model. However, few studies have compared those turbulence models to predicting flow patterns.
In this study, a number of steady numerical simulations were first conducted. The results show that there is annular flow and core flow when the opening ratios ε L <=11.4%. Based on the inference that there are two flow patterns, a transition will be inevitable at a given pressure ratio if the pressure ratio is continuously changed. Two processes of unsteady numerical simulation with continuously decreasing and increasing pressure ratios are used in the numerical simulation. The four turbulence models, realizable k-ε, SST, DES-k and DES-SST, are selected in the two process calculations. Because the novel method drives the turbulence model to address the two challenges in aerodynamic simulation, the results are more credible than the traditional numerical method with a fixed pressure ratio. Finally, the flow pattern change is verified successfully by the sound mutation in the experiment. The DES-k model shows its superior ability in modelling boundary layer separation and reattachment. The model, in an affordable way, can be used to analyse the flow-induced vibration and noise in the control valve.
Nomenclature

D S
= valve seat diameter, mm P 0 = valve inlet total pressure, kPa P 2 = valve outlet absolute pressure, kPa P 2e = pressure fluctuations at the valve seat in the experiment, kPa 
Turbulence models
Realizable k-ε model
The standard k-ε model has become a workhorse of practical engineering flow calculations since proposed by Launder and Spalding (Launder and Spalding 1974) . The model is a semi-empirical model based on model transport equations for the turbulent kinetic energy k and its dissipation rate ε. In the model, transport equation for k is derived from the exact equation. The model transport equation for ε is obtained by using physical reasoning which bears little resemblance to its mathematical exact counterpart. The equations are:
In these equations, G k represents the generation of turbulent kinetic energy due to the mean velocity gradients; G b is the generation of turbulent kinetic energy due to buoyancy; C 1ε , C 2ε , and C 3ε are constants; σ k and σ ε are the turbulent Prandtl numbers for k and ε, respectively; µ t is turbulent viscosity; C µ is a constant.
The drawback of the standard k-ε models is its insensitivity to adverse pressure gradient and boundary layer separation. The realizable k-ε model in combination with the Enhanced Wall Treatment (EWT) is recommended to be used in those cases where the flow separates under adverse pressure gradients from smooth surfaces. The k equation is the same as that in the standard k-ε model. The realizable k-ε mode contains an alternative formulation for the turbulent viscosity and a modified transport equation for the dissipation rate ε. The C µ in Eq. (3) is replaced by
The C µ is a function of the mean strain and rotation rates, the angular velocity of the system rotation, k and ε. The new model equation for dissipation ε is based on the dynamic equation of the mean-square vorticity fluctuation, which is shown in the following:
The detailed parameters are presented in the references (Reynolds 1987 . It should be noted that the production term (the second term on the right-hand side) in the ε equation does not involve the production of k. It is believed that the present form represents the spectral energy transfer better. In addition, the destruction term (the third term on the right-hand side) does not have any singularity. Compared to the conventional model, the realizable k-ε model can provide superior performance for flows with a round jet flow, boundary layers under strong adverse pressure gradients, separation, and recirculation (Sriveerakul, et al. 2007, Van Maele and Merci 2006) .
SST model
The development of the SST (Menter 1994) model is the need for the accurate prediction of aerodynamic flows with strong adverse pressure gradients and separation. The k-ε model is relatively insensitive to free stream values and behave poorly in the near-wall region. On the other hand, k-ω model has good performance in the near wall region where low Reynolds number corrections are not required. However, the ω equation shows a strong sensitivity to the values of ω in the free stream outside the boundary layer. The SST model effectively blend the robust and accurate formulation of the k-model in near-wall region with the free-stream independence of the k-ε model in the far field of the free stream (Bartosiewicz, et al. 2005 , Menter 1994 ). To achieve this, the k-ε model is converted into a k-ω formulation used in the wake region and outside while the original k-ω model is used in the near wall region. The two models are multiplied by a blending function which is designed to be one inside the boundary layer and to change gradually to zero in the wake region. The resulting equations are:
In these equations, G k represents the generation of turbulence kinetic energy due to mean velocity gradients; respectively represent the dissipation of k and ω due to turbulence; the term Dω represents the cross-diffusion term, which comes from the transformation of the k-ε model into a k-ω model. Besides, the eddy viscosity is redefined so as to take into account the transport of the principal turbulent shear stress in this model. The details on the expressions are illustrated in Menter (Menter 1994 ).
DES model
The DES model (Spalart 2009 , Strelets 2001 ) is a hybrid approach, which combines features of classical RANS formulations with elements of large eddy simulation methods. In the near wall region, the RANS model is used to model the eddies. The RANS models can provide accurate results for attached boundary layer flows and thin shear layers but fail to provide accurate results for separated flows with large turbulence scales. In separation region, the turbulence model switches into a LES mode if the grid spacing is much smaller than the thickness of the turbulent shear layer in all directions. The LES attempt to model the smaller homogeneous scales eddies while resolving the larger, energy containing scales eddies (Hoffmann, et al. 2002) . The DES model combines the advantages of LES and RANS into one model. The model not only has the advantage of small amount of computation for two equation model within the boundary layer, but also can simulate the large-scale of turbulent flow separation more accurately in the area far away from the wall. In this study, SST and realizable k-ε are selected as the RANS in the DES model, respectively. Figure 1 shows the schematic of the control valve in the inlet centre cross section. The cross section of the valve passage resembles a converging nozzle as illustrated by the blue component in Fig. 1 . The flow from upstream enters the channel and then flows into the abrupt enlargement under the valve head. Control valves have to operate under wide ranges of valve openings and pressure ratios according to the electric load. A large number of conditions need to be simulated. The operation condition of the valve is defined as follows:
Numerical simulation
Steady numerical simulation
where the valve ratio ε L is defined as the ratio of the valve head lift X L to the valve seat diameter D S . The valve seat diameter is the diameter of the contacting circle when the valve head and the valve seat are completely closed. In this experiment, D S =79.1 mm. The ratio of the outlet pressure P 2 to the inlet total pressure P 0 is denoted by ψ P . Fig. 1 . Schematic of control valve in inlet centre cross section Fig. 2 . Flow patterns and pressure ratios of sound and five monitor sites in numerical simulation (ε L =7.6%) mutation for two different adjustments of pressure ratio
In steady simulations, the total pressure and temperature are designated at the inlet. At the outlet, the static pressure and temperature are assigned. The total pressure, static pressure and temperature are obtained from experiment results. The walls are treated as non-slip and adiabatic walls. Three turbulence models, standard k-ε, realizable k-ε, and SST, are tested and compared with experiment results. The realizable k-ε is the most accurate and adaptable turbulence model under all conditions: its mass flow error is less than 3% and the unload room pressure error is less than 5%. The distribution of flow patterns is listed in Fig. 2 . There are two typical flow patterns: core flow and annular flow when the opening ratio ε L <=11.4%. The two typical flow patterns are shown in Fig. 3 . For the core flow, the flow from the throat converges under the valve head and continues to diffuse downstream. For the annular flow, the mainstream adheres to the valve seat, and the large space under the valve head is filled by reverse flow. The flow pattern is annular flow when the pressure ratio is above the blue curve. Below the red curve, the flow pattern is core flow, as shown in Fig. 2 . Influenced by the initial flow field, the flow pattern between the two curves is uncertain. If an unsteady numerical simulation is conducted at a condition with annular flow as the initial flow field and then the pressure ratio is continuously decreased, the flow pattern will change into a core flow pattern at a pressure ratio. In the process, the boundary layer grows and finally separates from the wall as the flow pattern changes into core flow, as shown in Fig. 3 (a) . If the unsteady numerical simulation is conducted by continuously increasing the pressure ratio from a condition of core flow, the boundary layer will gradually reattach to the wall at a pressure ratio as the flow pattern changes into annular flow, as shown in Fig. 3 (b) . In the two processes, we have to address two challenges in aerodynamic simulation: (I) growth and separation of the boundary layer and (II) boundary layer reattachment. Therefore, the two challenges can be used as touchstones to test turbulence models for predicting the control valve's flow pattern. In the following study, the two processes are simulated with different turbulence models at the opening ratio ε L =7.6%, in which the pressure ratio is continuously changed from 0.6 to 0.4 and from 0.4 to 0.6, respectively.
(a) from ψ P =0.6 to ψ P =0.4 （b）from ψ P =0.4 to ψ P =0.6 
The novel unsteady numerical simulation
The computational grid consisting of 9,800,000 nodes is processed by Fluent. In axial direction, the minimum grid size is 0.05 mm to capture the shock wave. The annular channel and the room under the valve head are refined. In the radial direction, the grid to guarantee the y+<5 in the critical computational domain. 200 nodes are distributed uniformly in the circumferential direction. The grid are shown in Fig. 4 . Fig. 4 Computational grid The pressure at the inlet and outlet is fixed in the traditional numerical simulation. Here, the two novel processes of unsteady numerical simulation are adopted, in which the static pressure in the outlet is 98 kPa and the total pressure in the inlet is changed continuously with the time step. The time step is 0.00005 s. Therefore, the inlet total pressure varies by 0.015 kPa and the pressure ratio varies by approximately 0.0004 at each time step. The solver type is pressure-based and the pressure-velocity coupling scheme is coupled. The spatial discretization and main sets of numerical simulation calculations are listed in Table 1 . Fig. 9 shows the valve performance test system. The control valve opening is controlled by the lift adjustment mechanism. The working fluid is air, which is provided by a compressor and stored in an air tank. The designated pressure ratio can be obtained by adjusting the bypass valve located after the air tank. The pressure measurement sites are located at the inlet, the outlet, the unloadroom and the pipe in front of the pressure stabilisation segment. Three thermocouples are used to measure the temperature at the inlet, the outlet and the pipe in front of the pressure stabilisation segment. Flow gauges are located before and after the valve for verification purposes. The pressure ratio, the flow rate, the pressure, and other data can be monitored and stored in real-time. A Kulite dynamic pressure transducer is used to measure the pressure fluctuations at the valve seat. A microphone is placed 1 m outside the throat of the valve seat. The compressor, air tank, bypass valve and exhaust port are located outside the laboratory. The inlet pipe, orifice flow gauges and exhaust pipe are all covered with thick sound-absorbing materials to ensure the environmental noise of the control valve is approximately 57 dB in the laboratory. These measuring points not only ensure the accuracy of the experiment but also provide valuable data for the numerical simulation. 
Experimental validation
Experimental apparatus
Experimental method and results
First, the conditions in Fig. 2 were tested individually. The results were used to verify the accuracy of the steady numerical simulation. Second, to verify the unsteady numerical simulation method, the pressure ratio was varied continuously at a rate of approximately 0.0005 per second by adjusting the bypass valve. Two different adjustments of the pressure ratio (from ψ P =0.2 to ψ P =0.9 and from ψ P =0.9 to ψ P =0.2) were used at each opening. A sound mutation was observed while adjusting the pressure ratio when the opening ratio ε L <=11.4%. The sound mutation was considered to be a clear and abrupt change in the volume and timbre of the noise caused by continuously adjusting the pressure ratio. The variation of the SPL over the sound mutation reached 4-10 dB. The pressure ratios of the sound mutations at each opening were recorded in Fig. 2 . For each opening, sound mutation occurred at two pressure ratios, which depended on the adjustments of the pressure ratio. The opening ratio ε L =7.6% was selected for further analysis. Figures 10 and 11 show the SPL and the amplitudes of pressure fluctuations for two different adjustments of the pressure ratio at ε L =7.6%. Based on different adjustments of the pressure ratio, different SPL and amplitudes of pressure fluctuations exist even under the same conditions between the two sound mutation pressure ratios, while the two values seem insensitive to pressure ratio adjustments in other ranges of pressure ratios.
The variations of the sound mutation were evaluated by parameters at two pressure ratios (ψ ASM and ψ BSM ) that are just after and before the pressure ratio where the sound mutation occurred. The parameters are FFT of SPA, SPL and pressure fluctuations at the valve seat. In the pressure ratio adjustment from 0.2 to 0.9, the ψ BSM =0.545 and ψ ASM =0.565 were selected. The drastic decrease of SPA in the frequency domain from 1000 Hz to 8000 Hz introduced a deeper noise. During the reverse adjustment of the pressure ratio from 0.9 to 0.2, the frequency amplitude of SPA increased between 1000 Hz and 8000 Hz. Note that the sharper noise suddenly came through when the pressure ratio varied from ψ P =0.454 to ψ P =0.443. The peck of SPA on around 2320 Hz was the acoustic model which was observed nearly all conditions. In the two processes, 8.2 dB and 6.6 dB variations of SPL were observed over the sound mutation, respectively, as shown in Fig. 10 . An extreme change in the volume and timbre of the noise is perceived as a sound mutation by the human ear. The sound mutation can be recognised easily and the pressure ratio can also be recorded in a timely manner during the experiment. Pressure fluctuations under the four operating conditions are illustrated in Fig. 11 , where the amplitude of the pressure fluctuations can reach up to 2-4 times over the sound mutation.
Chow (Chow and Reethof 1980) found that the attached jet flow was quieter than the unattached jet flow by 3 to 5 dB. Reethof (Reethof and Ward 1986 ) noted 8 to 10 dB of noise reduction as a result of wall attachment in the control valve. It has been found that core flow, with large pressure fluctuations, is more unstable than the annular flow (Clari, et al. 2011 , Hardin, et al. 2003 , Heymann and Staiano 1973 . Zhang (Zhang, et al. 2004 ) and Araki (Araki, et al. 1981 ) also showed the same flow pattern distribution in small and middle openings as seen in Fig. 2 (the flow pattern is an annular flow in the larger pressure ratios, while the flow pattern is a core flow in the smaller pressure ratios). In addition, the flow pattern transition is assured if the pressure ratio is continuously changed between the two flow pattern regions from the previous inference. Based on the extreme changes of noise and pressure fluctuations over the sound mutation, it can be inferred that the sound mutation is caused by core flow and annular flow pattern changes. The two pressure ratios of the sound mutation can be used as criteria for the flow pattern change. Fig. 10 . SPL for two different adjustments of pressure ratio and FFT spectrum of SPA over sound mutation (ε L =7.6%) Fig. 11 . Amplitudes of pressure fluctuations for two different adjustments pressure ratios and pressure fluctuations over sound mutation (ε L =7.6%) The two pressure ratios of the sound mutation are marked by the red lines in Figs. 5-8. The two pressure ratios and pressure ratios of flow pattern changes for the four turbulence models are listed in Table 2 . The pressure ratios of flow pattern change predicted by the DES-k model in the two processes are the closest to the pressure ratio of the sound mutation in the experiment. The RMS results of pressure fluctuations at monitor 2 in the experiment are also listed in Figs. 5-8. Those valve measurements agree well with the results of the DES-k model. In addition, the extreme pressure fluctuations over the sound mutation were also predicted by the DES-k model. Figure 3 shows the flow patterns of the DES-k model at pressure ratios ψ P =0.443, 0.454, 0.545 and 0.565. The larger pressure fluctuations at ψ P =0.443 and 0.545 are caused by the core flow, while the annular flow is the cause of the lower pressure fluctuations at ψ P =0.454 and 0.565. The DES-k model is the most powerful of the four turbulence models tested for predicting flow pattern changes. 
Further analysis
Challenge (I): growth and separation of the boundary layer
In the simulation for ψ P =0.6 to ψ P =0.4, the initial flow pattern is an annular flow, and the high-speed jet flow attaches to the valve seat. As the pressure ratio decreases, the jet flow speed increases to supersonic speed. Then, a shock wave forms near the valve seat. The shock wave results in a sufficiently high adverse pressure gradient, which induces boundary layer separation (Dé lery, et al. 1986, Schlichting and Kestin 1968) . Initially, the boundary layer separates at the shock incident point and reattaches to the downstream surface of the valve seat. In the separation region, separation bubbles develop and grow with the decrease in the pressure ratio. Finally, the jet flow completely escapes from the valve seat and turns into the core flow, as shown in Fig. 12 .
The two DES models are superior to the two RANS models in this process, as shown in Table 2 . The DES model shows its advantage over the RANS model in predicting the boundary layer separation with greater accuracy in modelling the development of separation bubbles. The highly unstable separation bubbles emerge in the separation region, playing an important role in predicting boundary layer separation. Because of the inherent complicacy of the separation bubbles, the DNS model is commonly employed to capture their characteristics (Alam and Sandham 2000 , Cherukat, et al. 1998 , Marxen, et al. 2003 ). The DNS model can resolve all scales of turbulence in the flow, while the two RANS models cannot predict the vortex development in the separation bubble because they depend on an isotropic eddy-viscosity constitutive relationship. In addition, the most significant disadvantage of the RANS model is its inability to predict the misalignment of the strain rate and shear stress vectors (D.A. Johnson, et al. 1994) . The RANS models under-predict the level of the turbulent stresses in the detached shear layer emanating from the separation line, which in turn is one of the primary reasons for the incorrect flow recovery downstream of the reattachment predicted by the models. Therefore, compared to the experiment, a decayed separation onset and under-predicted strength of the separation zone were observed (Obi, et al. 1993 ). In the separation region, the DES model using the LES model attempts to resolve the larger, energy-containing scales and model the smaller, more homogeneous scales. For this reason, the two RANS models' predictions of the boundary layer separation lag behind the two DES models in this process. 
Challenge (II): boundary layer reattachment
In the simulation for the pressure ratio from ψ P =0.4 to ψ P =0.6, the initial flow pattern is a core flow. The jet flow's speed and intensity decrease as the pressure ratio increases. When the turbulence models of realizable k-ε or DES-k was used, the jet flow gradually closes to the valve seat and finally attaches to the valve seat at the pressure ratios of 0.605 and 0.563, respectively. The process of attachment takes place at the upstream surface of the valve seat and develops on the downstream surface, as shown in Fig. 13 . When the turbulence model is SST or DES-SST, the jet flow swings under the valve head and the flow pattern is still a core flow even though the pressure ratio decreases to 0.65, as shown in Figs. 6 and 8.
Compared to the k-ε model in the near-wall region, the SST model provides a significantly improved separation. It predicts a flow recovery that is slower than that observed in experiments with the standard k-ε model in a free stream (Menter, et al. 2003) . For the realizable k-ε model, both the centreline level and the overall distribution of the turbulent shear stress profile have been significantly improved over the standard k-ε model . When predicting the boundary-free shear flows, the profile distributions of the mean flow velocity predicted by the realizable k-ε model agree closely with the experimental data, while the standard k-ε model delivers a much wider distribution. Therefore, a more easily attenuated jet flow with a wider distribution is obtained by using the SST model, weakening the jet flow entrainment. As a result, the jet flow has difficulty attaching to the valve seat because of the Coanda effect (Cutbill 1998 , Imao, et al. 2006 , Perry and Chong 1987 . Using the SST model, the flow pattern is still a core flow even though the pressure ratio reaches 0.65. A similar situation occurs when using the DES-SST model, whose separation ability is affected by its RANS model (Spalart, 2006) .
The novel numerical simulation method
The flow in the control valve can divide into three segments: (1) flow around the valve bush in the valve chest, (2) flow around the valve head with massive separation, and (3) diffusion flow in the valve seat. The second segment of the flow is limited within a flow channel of a converging nozzle or a converging-diverging nozzle, which is formed by the valve head and valve seat. The high jet flow separates from the valve head at an angle after the throat. Historically, flow with massive separation was a challenge for numerical simulations. From previous numerical simulations, it was the asymmetric flow pattern and the rotating high-pressure fluctuation at the valve head that played the key roles in inducing the vibration of the control valve. The separation point or separation angle of the jet flow is critical to the analysis of the vibration induced by the flow. However, it is difficult to accurately judge the information of the jet flow for the traditional fixed pressure ratio calculation. Using the PIV or Schlieren may consume significant energy, and a dynamic pressure transducer cannot show the flow pattern.
Here, it is the pressure ratios where flow pattern changes under different pressure ratio adjustment schemes that are of concern, rather than the flow's characteristics at a certain operating condition. Fortunately, the pressure ratio of a flow pattern change can be successfully cued for measurement by the sound mutation. The validation scheme of the flow pattern change is readily obtained from the experiment. Additionally, in the two calculation processes, the turbulence model must overcome the two challenges in aerodynamic simulation. Therefore, using the novel method to compare different turbulence models for predicting the flow pattern is easier, clearer and more credible than the traditional method. Figure 7 shows that, between the two pressure ratios of the sound mutation, both the core flow and annular flow can exist under the same conditions in the two calculation processes. The results reveal the mechanism by which different noise and pressure fluctuations appear under identical conditions according to different adjustments of the pressure ratio in the experiment, as shown in Figs. 10 and 11. The novel numerical simulation method more clearly shows that different flow patterns may appear under the same conditions according to the different adjustments of the pressure ratio.
Turbulence model in the control valve
The RANS models are turbulence models widely used in industrial CFD, which were developed based on the viscosity assumption. As the Reynolds stress tensor is proportional to the mean deformation rate tensor, parameters related to turbulent viscosity can be calculated with low cost. In addition, the mesh refinement is relatively coarse. Thus, we can obtain results easily and quickly by using a RANS model. As was mentioned previously, compared with the experimental results, the errors of mass flow and unload room pressure are less than 3% and 5%, respectively, when the realizable k-ε model is adopted. The realizable k-ε model meets the basic requirement to analyse the flow qualitatively at a comparatively low cost.
It is known that RANS models do not accurately predict all flow details in massively separated flow regions. The typical flow is at the second segment of the control valve. In addition, the RANS formulation does not provide any information on turbulent flow structures or spectral distribution. Use of a RANS model is not recommended to reveal the mechanism by which the flow induces noise and vibration. Although the LES and DNS models are able to manage the computational load, the overwhelming number of meshes and the tremendous computational task restrict their application. The alternative is the DES model. The grid resolution requirements for the DES model are not significantly higher than the RANS model, and the turbulence model can switch into the LES in a massive separation region. The DES model balances our needs in an affordable way. The DES-k model has undergone our test and is the most powerful turbulence model in this study for analysing the flow pattern. The model can be used in analysing flow-induced vibration and noise. The detailed research will be reported at a later date.
Conclusions
In this paper, a novel method of continuously changing the pressure ratio is adopted to test different turbulence models in numerical simulations. Based on this new method, four turbulence models, realizable k-ε, SST, DES-k and DES-SST, are chosen to predict the flow pattern in a control valve. The basic conclusions are summarised as follows.
Compared with the traditional numerical method with a fixed pressure ratio, the novel method creating the turbulence model meet the two challenges in aerodynamic simulation. The novel test method is more credible and clear. In addition, the novel method clearly reveals the mechanism by which different flow patterns can exist under the same conditions for different adjustments of the pressure ratio.
The realizable k-ε model is the recommended turbulence model that can meet the basic requirement to provide qualitative analysis of flow in the control valve.
The DES based on the realizable k-ε model, in an affordable way, can be used to reveal the mechanism that flow induces vibration and noise in the control valve.
